Abstract. -Worldwide, advanced coal-fired power generation systems are being introduced that offer significant economic and environmental advantages over pulverised fuel (pf) firing. Many of these systems are combined cycles based on fluidised bed combustion and/or gasification. In such combined cycles, materials selection and performance are key factors in determining plant availability. Consequently material evaluation studies for the various components form an integral part of any development programme. This paper provides a review of materials issues for two advanced technologies, namely pressurised fluidised bed combustion (PFBC) and the British Coal Topping Cycle. Particular attention is paid to the approach adopted to overcome these issues and their influence on plant design. PFBC development in the United Kingdom is outlined. Erosion/corrosion issues within the in-bed heat exchanger and the solutions that will allow a commercially acceptable tube bank lifetime to be realised are discussed. The British Coal Topping Cycle system, which is under development, is described. Some of the materials issues are identified and the programme being undertaken to ensure acceptable component lifetimes is reviewed.
Introduction.
For all fossil fuel fired power generation systems, there is an increasing drive towards higher efficiency and better environmental performance. This is particularly the case for coal-fired power generation. Coal is the most abundant fossil fuel and traditionally has been the predominant fuel for power generation. However there is a move to introduce natural gas fired power stations, despite the fact that gas is a relatively scarce commodity compared to coal. This is because natural gas, when used in a combined cycle system, can achieve an efficiency of 50% with relatively low emissions of C o n , NO, and SO,. To counter this trend there are programmes in place to improve existing coal-fired technology and to develop advanced coal-fired systems.
For existing conventional pf plant, low NO, burners are being retrofitted and, in some cases, flue gas desulphurisation (FGD) systems are being introduced to reduce SO, emissions. These modifications can achieve a sounder environmental performance, albeit with an adverse effect on efficiency and overall costs.
The drive to develop and introduce advanced clean coal systems is based on fluidised bed technology and to an extent on the use of coal gasification. Worldwide in recent years atmospheric (bubbling) and circulating fluidised bed combustion (AFBC and CFBC) systems have become established on a commercial basis, particularly CFBC which is a viable alternative to pf + FGD up to about 250 MWe. Significant improvements in efficiency, however, will only come from combined cycle systems. At present, the systems which are being introduced commercially are based either on PFBC or an integrated gasification combined cycle (ICCC). In both cases large demonstration units are either operational or under construction in Europe and the USA [l, 21.
There are also developments of hybrid fluidised bed combustion and gasification systems. These offer the prospects of further efficiency gains, better environmental performance and lower generating costs than either PFBC or IGCC. Such systems are known as topping cycles and there is a wide range under development, differing in the types of gasifier and combustor used and the degree of cycle integration [3] . Organisations developing topping cycles include British Coal, VEW, Foster Wheeler Development Corporation, Tampella and Lurgi.
Approach to materials issues.
For all power generation systems, either those established or under development, the materials of construction will have an impact on the overall performance of the plant, in terms of availability, efficiency and capital cost. For conventional plant, the selection of materials of construction is based largely on practical operational experience, the results of which are enshrined in standards.
For new processes, however, the experience gained from long term evaluation in operational plant is not available. In the highly competitive electricity generation marketplace, any company introducing a new technology must minimise the risks of poor availability because of the need to meet contractual standards of operation. This results in a conservative approach to engineering design and materials selection. Therefore not only does the process design engineer have to have reliable data on the materials, helshe also has to achieve a balance between; i) material and installation costs; ii) the required lifetime of the material and iii) the suitability of the material to meet the specification for any particular plant component. Different parts of any plant will have different lifetime and design constraints.
The new clean coal combined cycle power plants being installed and those under development comprise a mixture of upgraded existing and novel components. They use existing gas turbine technology adapted for firing on coal derived gases. Some require novel heat exchangers or gas cleaning technology which is far more advanced than that used currently in industrial plant. For the more novel components, the plant designer, while paying attention to the plant's overall efficiency and capital cost, has to consider whether to modify the design so that existing materials experience can be applied or to embark on a experimental programme to investigate candidate materials. Depending on the component concerned the materials data required will include erosionlcorrosion rates in the correct environments, creep strength, fatigue strength, thermal properties and information on possible interactions between these factors e.g. corrosion fatigue.
Thus materials issues must be addressed as an integral part of any process development programme and any work aimed at addressing the issues must be planned to take all process constraints and operating demands into account.
When adequate existing materials data are not available, screening of candidate materials for their erosion/corrosion resistance can be carried out either on the laboratory or pilot plant scale, where the latter exists for process development reasons. Laboratory testing, while the least expensive option, can give erroneous results if the key specieslconditions which would cause damage in the commercial plant are either not known or simulated inadequately. Therefore some comparable data from pilot or operating plant will often be required before the laboratory data can be used with confidence. Pilot scale testing is the more attractive ap-proach, providing the operational regimes within the rig are compatible with those expected in a commercial plant.
Two options are available in the pilot plant which provide different but overlapping information. Arrays of samples may be exposed to screen large numbers of candidate materials under varying conditions or the "best" candidates may be used to construct pilot plant components. This latter option provides additional information on fabrication and, should failures occur, will also indicate possible damage mechanism/failure modes. In this context it is important to remember that if no materials failures are experienced and acceptable erosion/corrosion resistance is demonstrated then it is possible that the component is over designed and that cost reductions could be possible through less conservative materials selection.
Pressurised fluidised bed combustion.
Development work on PFBC has been carried out in the UK since the late 1960's. A schematic diagram of a PFBC combined cycle system is shown in figure 1. In 1975 a decision was taken to build an experimental PFBC plant at Grimethorpe, South Yorkshire under the auspices of the International Energy Agency (IEA). The plant was commissioned in 1980, and experimental work continued until 1984. A considerable quantity of high quality data were obtained from over 3600 hours of operation [4] . The potential of the PFBC combined cycle led the British Coal Corporation (BCC) and the UK Central Electricity Generating Board (CEGB) to undertake further development work in the UK PFBC Programme, with the main objective of providing the technical basis for the construction of a UK demonstration plant. This programme ran from 1984 to 1988 at Grimethorpe. Additional funding was provided by the US Department of Energy (USDoE) and the US Electric Power Research Institute (EPRI).
Two major process component studies were carried out during the various stages of the Grimethorpe PFBC programme for the in-bed heat exchanger [5] and for the gas turbine blading [6] . These have both addressed materials selection issues.
In the IEA programme, developing an understanding of PFBC operating characteristics was the primary objective and thus the in-bed tube bank was intended simply to control the bed temperature. It was designed to operate as a low pressure evaporator, at conditions more appropriate to an industrial boiler than a power station. The early tube banks of this type all suffered severe wastage (often called erosion) on the lower surfaces of the tubes. As understanding of the nature of this problem in AFBC and PFBC systems developed it became clear that the fluidisation behaviour of the bed and the tube bank geometry were both important factors. Thus several redesigns of the tube bank were tried, often with fins or pegs welded to the tubing to disrupt the flow of bed particles. These designs were optimised in cold model tests before installation in the Grimethorpe plant. Reductions in fluidising velocity and changes to bed particle properties were also used to further reduce the wastage. After all these process changes had been adopted, resulting in reduced wastage, it became clear that the wastage of this type of low temperature in-bed heat exchanger was inherent to FBC technology. However, observations of even the earliest tube banks had revealed regions of low wastage where shiny black oxide had developed and "protected" the tubing. Thus it was recognised that commercially viable low wastage rates should be attainable if the conditions giving this "oxide protection" could be identified and applied to the whole tube bank. Similar experiences had been observed elsewhere in AFBC systems [7] . Conversely, some plant manufacturers had adopted surface treatments and "armouring" approaches to control the wastage problem.
In the UK PFBC programme two new tube banks were designed, installed and operated. These both included platens cooled with superheated steam, in order to study all metal temperatures relevant to a commercial tube bank. The first phase of this experimental programme confirmed the earlier observations that considerable wastage reductions were possible through correct materials selection and careful control of operating conditions. The second phase of this programme operated with a tube bank (built to BC's specification by the Foster Wheeler Development Corporation (FWDC)) aimed at investigating the "materials selection" and Foster Wheeler's surface treatment (chromising) and armouring approaches in parallel.
The public domain results from this tube bank are described in detail elsewhere [5] . These show that safe operating ranges can be defined for low alloy steels where oxide protection was reliably established and the wastage rates were commercially viable.
While the armouring approach reduced the level of wastage it also led to wastage occurring in unexpected locations. Chromising, however, showed some promise giving acceptable wastage rates although it is not clear how long the thin chromised layer would last.
Designers of FBC systems around the world are adopting all three approaches. This illustrates that, in this instance, there are several acceptable solutions to this erosion/corrosion problem.
The conclusion from the UK PFBC programme was that an optimum solution giving commercially acceptable wastage rates had been found through a combination of correct materials selection, tube bank design and control of operating conditions, without the need to introduce add-on surface treatments, coatings or armouring.
The British Coal Topping Cycle.
4.1 DESCRIPTION. -One way to achieve a high overall efficiency without the need for complete gasification (as in IGCC) is the use of so-called Topping Cycles. In these systems, low calorific value (LCV) fuel gas generated from coal is cleaned and burned in a gas turbine. Unconverted char from the gasification system is burned in a combustion system that forms part of the steam cycle. The advantages are that air blown partial gasifiers can be used which are of simple design and tolerant to a wide range of coals. The use of a separate char combustor means that high temperature heat is available in an oxidising environment to ensure that state of the art steam conditions can be used. No oxygen production plant is required and 90% removal of gaseous sulphur compounds is achieved by addition of limestone to the gasifier and combustor, so avoiding the need to cool and scrub the gases before they are burned. Sulphur recovery can be further improved by using a zinc ferrite polishing process. NO, emissions are inherently low. Figure 2 shows the Topping Cycle selected by British Coal as the preferred system for near-term commercial development. 4.2 DEVELOPMENT PROGRAMME. -British Coal believe that the timescale for the development of the Topping Cycle must be compatible with the likely window of commercial opportunity. In the UK it is estimated that there is scope for new coal-fired plant to be ordered early in the next century to help meet the projected shortfall of capacity. This means that the technology will need to be demonstrated at reasonable scale as an integrated system, prior to any order for a commercial plant.
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Therefore the overall objective is to demonstrate Topping Cycle technology by year 2000, thereby allowing the design, construction and operation of a commercial prototype to proceed with confidence. The proposed development programme to meet that objective comprises three phases. Phase 1, which is underway, is designed to develop the individual system components. Phase 2 involves the scale-up and demonstration of the various components in an integrated system with phase 3 being the operation of a commercial prototype of the integrated Topping Cycle system.
The aim of the phase 1 programme is to produce design and operating specifications for each component so that the phase 2 programme can proceed successfully [B] . The key issues are :
partial coal gasification at elevated pressure; combustion of gasifier char in a circulating fluidised bed combustor; cleaning of LCV fuel gas; combustion of LCV fuel gas; utilisation of sufficiently cleaned products of gas combustion to drive a gas turbine. The overall development programme for each component is based around testing at pilot plant scale backed up by smaller scale rig work, laboratory testing and fundamental studies.
Within this development programme, materials issues are being addressed as and where necessary (91. Of the novel components under development, the key areas where materials choices are of particular importance are downstream of the gasifier, namely the fuel gas cooler, the hot gas filter and the ductwork liner. The gas stream is potentially corrosive and erosive thus placing constraints on the available operating window. For example, the raw gas from the gasifier will be cooled to 400-600 O C prior to feeding to a ceramic candle filter thereby minimising the materials issues. The materials of construction for the gas cooler upstream of the candle filter need to be defined, although gas coolers with similar duties have been designed and operated for other gasification processes.
BC has had a programme for several years which has examined the use of ceramic candle filters for both gasification and combustion duties. Work on filtration of gasifier fines has to date been confined to atmospheric pressure operation. Further work on these filters for gasification applications is in progress to improve the durability and performance of the ceramic candles and to demonstrate gasification filtration at pressure [lo] . The need is to prove the reliability of candle filter systems in gasification applications to avoid sacrificing plant availability. The programme is aimed at identifying the optimum constructional materials for all parts of the filter system. Currently there are test programmes on a number of atmospheric units with preparations being made to install and operate a small filter downstream of BC's pressurised gasifier.
As an example of a specific materials issue, the pulse gas system for cleaning the ceramic candles will almost certainly have to be metallic and will need to have a very high degree of corrosion resistance. In addition to the general corrosion (oxidation, sulphidation, carburisation etc.) which could occur to the parts exposed to the cleaned fuel gas at 400 -600 OC, the thermal cycling which would occur with certain designs of pulse gas system may lead to scale spallation, corrosion fatigue and/or thermal fatigue. While these degradation mechanisms would all restrict the life of the pulse cleaning system, the production of spalled scale which could enter the gas turbine is potentially more serious as it would reduce the life of the turbine through erosion of the blading.
The materials issues associated with the gas turbine are different in nature. Here the requirement is not to develop a new design of turbine; rather the need is to ensure that state of the art turbines, currently fired on natural gas, can be fired on coal derived fuel gas.
The Grimethorpe Topping Cycle project forms a key part of the studies to address this issue [ll] . The principal objective is to determine the feasibility of operating a high temperature utility gas turbine on coal-derived gas. The gas environment following combustion of the pressurised fuel gas in a Topping Cycle system has been simulated in the Grimethorpe studies. This has been achieved by raising the temperature of the cleaned flue gas from the PFBC to over 950 O C with propane combustion. Over 500 hours at steady conditions have been achieved. The high temperature gas was then passed through a single stage Ruston TB5000 gas turbine and through various materials test sections. In addition, a multiblade array of film cooled airfoils has been exposed in a side stream with the entry temperature raised to 1200 -1400 "C by the combustion of propane, for some 100 hours at steady conditions. In parallel to this experimental work, a suite of models are being developed capable of predicting ash fouling and erosion/corrosion rates in gas turbines. These models will be tested, where possible, using the Grimethorpe results, and then used to predict performance at utility scale. From this the viability of utility scale machines in proposed Topping Cycles fired with LCV fuel gas will be determined.
Conclusions.
For all fossil fuel fired power generation systems, there will be a continued demand to achieve better efficiency and lower environmental impact. For coal, the most promising route forward is by coupling high-temperature gas turbines with coal-fired combustion/gasification systems. Emerging technologies such as PFBC and IGCC are a significant step in this direction. The British Coal Topping Cycle has the potential to provide a cost effective, high efficiency power generation system with low environmental impact. Such a system should offer significant economic benefit over conventional coal-fired systems, CFBC and the emerging advanced technologies.
Materials issues are being addressed as integral parts of the development programmes for these technologies. This ensures that the process designer's needs are met on an appropriate timescale, taking account of process and operating constraints and the quality of data required. In certain circumstances, modelling work is also required to allow predictions of component lifetimes to be made and extrapolation of the data for larger scale applications.
